immune systems, and combat diseases. They produce 'probiotics' that keep us healthy and strong. They and we truly comprise a complex ecosystem. Surprisingly, less than 1% of the bacteria present in nature have been identifi ed, and, consequently, microbiology is the branch of biology about which we know the least, the branch with the greatest potential for future discovery.
There are many examples of specifi c microbes or microbial communities in nature that do remarkably useful things, unattainable by other life forms. For example, the lichen is a microbial community that can grow on the bare surface of a rock! A lichen consists of fungi that break down the rock to extract minerals, algae which absorb light energy to make sugars and other carbon compounds, and cyanobacteria that can fi x atmospheric nitrogen (N 2 ) to make organic nitrogenous compounds such as amino acids and nucleic acid bases. Because of this three-way partnership, lichens can grow with rock and air as sole sources of food. They proliferate in harsh environments such as dry mountainous areas and the Arctic and Antarctic polar regions of the globe. They often provide crucial sources of food for the animals and plants that live in these environments.
Another useful biological community is formed by the cyanobacterium, Anabaena , and the water fern, Azolla , which together thrive in rice paddies all over the world. Chains of photosynthetic blue-green Anabaena cells are interspersed with colorless, differentiated, nitrogen-fi xing cells called heterocysts which provide nitrogenous compounds for use by the water fern. The water fern, in turn, provides Anabaena with a cozy home, rich in all of the kinds of foods it most likes. As the rice plants grow, Microbes are everywhere. Some live in hot springs and deep sea vents at temperatures above boiling, while others survive at temperatures far below freezing, even in the depths of our coldest glaciers. They can grow under acidic and alkaline conditions, where no other life form can survive. They thrive at high salt concentrations, as exist in the Dead Sea, and they are known to grow in the presence of toxic heavy metals, organic solvents, and poisons of all kinds. They can survive incredible levels of radiation as occur in uranium mines, nuclear reactors, and outer space.
Bacteria form tight associations with other types of organisms, and most of these are mutually benefi cial. We refer to these as mutualistic or symbiotic relationships. Only very few bacteria cause disease, but because of their importance to man and his domestic plants and animals, these harmful organisms have given bacteria an unfounded bad name: Mycobacterium tuberculosis , Salmonella typhi , Corynebacterium diphtheriae, and Haemophilus infl uenzae have all been named after the human diseases they cause. Yet almost all of the thousands of bacterial species in our bodies serve useful, even essential functions that promote organismal health. These tiny organisms, which outnumber our human cells 10 to 1, synthesize vitamins, help digest our foods, allow development of our they displace the Azolla-Anabaena communities and use the decaying fertilizer as a source of carbon-and nitrogenrich nutrients.
Still another agriculturally important symbiosis is that formed between rhizobial bacteria and leguminous plants such as beans, peas, clover, soybeans, and alfalfa. In this case, the bacteria form their homes within nodules in the roots of the legumes, where they fi x atmospheric nitrogen, yielding organic nitrogenous compounds to be used by the plants. The grateful plants in turn supply sources of carbon, mostly in the form of organic acids, which keep the bacteria healthy and happy. As in the case of the lichen and Anabaena-Azolla communities, complicated chemical communication allows the bacteria to coordinate their metabolic activities with the needs of other members of their community.
Often bacteria perform important tasks in the absence of a partner. One common bacterium, Thiobacillus , fl ourishes in mud, bogs, sewage, brackish springs, and even acid mines. It derives energy from the oxidation of sulfur compounds such as elemental sulfur, sulfi des, and thiosulfate, converting these toxic compounds into nontoxic sulfates that are useful to other organisms. Thiobacilli are extensively used by man for mining and bioremediation purposes.
Another versatile bacterium, Rhodobacter , fi xes carbon and nitrogen from the air to make biodegradable plastics. It has also been used to mass produce fertilizers. It has even been used to make a yellow pigment that is fed to hens to make their eggs more appealing to children! There are other bacteria, such as Ralstonia metallidurans and Deinococcus radiodurans , that can tolerate high levels of toxic metals and radioactivity, respectively. These two types of organisms can be used to clean up pollutants in iron, copper, silver, and uranium mines. They are also useful for long-term restoration of sites destroyed by conventional and nuclear warfare.
Bacteria and other microbes are chemical processors, tiny biotechnologists, capable of catalyzing thousands of chemical reactions that 'higher' organisms are incapable of mediating. Processes catalyzed by microscopic bacteria are always useful to themselves, but they are also useful to other organisms in the biosphere, including man. In fact, without these original denizens of the earth, other life forms could not have evolved, and life as we know it would be nonexistent. Thus, microbes keep the life cycles of our planet turning.
Many bacteria have been used in both natural and man-created bioremediation processes. They are too numerous to be listed, but include bacilli, pseudomonads, and methanobacteria. These microbes, together with other organisms, for example, allow the annual processing and purifi cation of over 40 billion gallons of sewage water in the US alone. Specifi c bacteria facilitate the removal of carbon, nitrogen, and phosphorous compounds, while others remove toxic metals, aromatic compounds, herbicides, pesticides, and xenobiotics in multistep processes involving both aerobic and anaerobic metabolism. A recently identifi ed bacterium, Accumulibacter phosphatis , has been shown to be the primary agent responsible for removing phosphates, contrary to earlier conclusions. Remarkably, these organisms and others even control the microbial balance so that no member of the community overpowers the others. Thus, thanks to microbes, 'waste' water becomes a valuable renewable resource.
It should be apparent that microbes are the greatest recyclers and composters on the planet, and they have always been so! Moreover, we and other animals use them to maximize our own metabolic potentials. For example, these microbes are present inside insects such as aphids and termites, allowing them to use cellulose and other plant materials for growth. Bacteria also produce predator-specifi c substances that protect their 'friendly' hosts, thereby benefi ting both the host and themselves. Other bacteria produce fungicides that combat fungal diseases, insecticides and herbicides used widely in agriculture, and even antibiotics, designed to kill other bacteria, that we use to control infections. The direct use of such microorganisms in agriculture often obviates the need for using nondiscriminate, harmful sprays and chemicals. Microbial synthesis of these toxic substances reveals that man was not the fi rst species to invent biological warfare! Bacteria break down dead plant, fungal, and animal matter, yielding simple organic compounds that can be used for the growth of themselves and other organisms. As such, they are at the beginning of virtually all food chains in the biosphere. Without these microbes, no other form of life on earth would be possible. We owe to bacteria tremendously. Their uses as agents of bioremediation are only now being realized. Mighty microbes may some day be the agents used to reverse the destruction and clean up the messes that we humans have created.
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